The following work presents the analytical, numerical and experimental characterization of a novel piezoelectric Aluminum Nitride MEMS bandpass filter. In contrast to multipole filters employing distinct mechanically or electrically coupled resonator building blocks, the passband of the device in the present work is defined by the proximity of two natural contour modes of vibration in a single annular resonator. The proposed implementation, albeit currently limited to dual-pole filters, results in smaller form factors and reduces device sensitivity to across wafer fabrication tolerances.
I. INTRODUCTION
Recent advances in MEMS design and fabrication have enabled the creation of contour mode piezoelectric Aluminum Nitride (AlN) resonators spanning a frequency range from tens to hundreds of MHz on a single substrate [1] . Such devices, and functionally equivalent ones realized using proven designs and fabrication techniques, are widely used to synthesize mechanically or electrically coupled bandpass filters for a myriad of applications [2, 3] . This work considers the analysis, design, fabrication and operation of a piezoelectric MEMS AlN annular dual contour mode bandpass filter. Scanning electron micrographs (SEMs) of such a device are shown below. The passband of the filter in Figure 1 is defined by the proximity of two natural modes of vibrations in a single piezoelectric annular resonator. The device consists of a thin film piezoelectric AlN structural layer sandwiched between a Pt bottom and a bisected Al top electrode. The structure is released by etching a pit in the underlying Si wafer and is tied to mechanical ground by tethers defined in the same AlN film as the resonator body. The tethers also serve as conduits for electrical signal routing to and from the electrodes. The center frequency of the device is set by lithographically determined dimensions, which permits the co-fabrication of multiple filters at arbitrary frequencies on the same chip.
An analytical derivation of the frequency equations and natural modes of the annulus [4] is used to determine the ratio of inner to outer radius for which the two modes of interest have the desired relative frequencies and the optimal electrode configuration for efficiently driving and sensing these modes. Knowledge of the resonant motion of the device is used to develop its equivalent electrical circuit model and calculate the equivalent lumped electrical parameter values. Numerical simulations that are subject to fewer simplifying assumptions complement the analytical development and modeling. A brief overview of the previously developed four-mask fabrication process will b e provided. Finally, experimental data are presented that show a filter with a 22.4 MHz center frequency, -4.5 dB of insertion loss, 112 kHz of -3 dB bandwidth, a 20 dB shape factor of 3.2, and better than 20 dB out of band rejection for 2.5 kΩ of termination impedance.
II. ANALYSIS
We are interested in the coupled radial-tangential free modes of vibration of a piezoelectric annulus subject to a constant electric field in the axial direction. We begin by deriving the frequencies and corresponding mechanical displacement patterns of the purely radial ( R,1) and coupled radial-tangential (1,1) modes. The nomenclature follows that of [5] , in which degenerate modes of a piezoelectric annular plate are used to develop an ultrasonic rotary actuator.
A. MODE SHAPES & NATURAL FREQUENCIES
The mechanical displacement u is assumed to be a time harmonic function of the form 
where ρ and λ, µ are the mass density and Lamé parameters of the piezoelectric medium, respectively. The electrical balance law, Gauss' law in the absence of free charges, is trivially satisfied in the present problem. where E is the electric field vectors, e is the third-rank piezoelectric stress tensor, and ε is the permittivity of AlN.
Rather than attempt solving the displacement equations of motion (2) for u directly, we employ the Helmholtz decomposition theorem to obtain a simpler set of equations in terms of the scalar and vector potentials Φ and H [6] . The displacement u is subsequently calculated as
The scalar wave equation for Φ and its solution are given by ( )
where c 1 and c 2 are unknown constants, n is the circumferential order, and the following assignments have been made for the longitudinal wave number k l and wave speed c l
where ω is the radial frequency. The vector wave equation for H and the non-zero component of its solution are given by
where c 3 and c 4 are more unknown constants, and the following assignments have been made for the shear wave number k s and wave speed c s
Substituting the results from (6) and (9) into (4) yields the following displacements We proceed to obtain the natural frequencies ω n,m (where m corresponds to the radial overtone) and corresponding mode shapes by solving the generalized eigenvalue problem associated with the r esulting set of four equations. The normalized longitudinal wave numbers of the modes used to define the passband of our filter are plotted against the inner to outer radius ratio of the annulus in the figure below. Illustrations of the modeshapes of the purely radial (R,1) and coupled radial-tangential (1,1) modes obtained from the above analysis are shown in the plots below Notice the symmetry of the electrodes in Figure 1 matches that of the displacement magnitude seen above. This design consideration efficiently couples the excitation voltage with the desired mechanical motion while tending to suppress spurious responses. We also observe, as predicated in (11), the radial displacement of the (1,1) mode is 180° out of phase between the two electroded halves of the annulus. By inspection of (12) the constants c 3 /c 1 , c 4 /c 1 are trivially zero for the purely radial (R,1) mode. The film thicknesses used in the calculations are reported in Table 4 . The following approximations are used to take the loading effects of the metal electrodes into account
The metal electrodes are found to reduce the equivalent longitudinal wave speed from 10.3 km/s for AlN alone to 8.83 km/s for the layered structure, which results in a reduction in center frequency by the same proportion.
B. EQUIVALENT CIRCUIT MODELS
Functionally similar resonators realized using traditional non-MEMS fabrication techniques are ubiquitous in electronic circuits as frequency reference elements and for synthesizing bandpass filters. In this context, the electromechanical resonator can itself be modeled as a 1-or 2-port electronic circuit consisting of lumped resistive, capacitive, and inductive parameters.
MODEL TOPOLOGIES
We will use the "current analogy," which relates the electrical voltage and current to the mechanical force and velocity, respectively
Notice we have introduced a duality by mapping the "across" variable in one domain to the "through" variable in the other [7] . A two -port piezoelectric resonator can be modeled in the vicinity of a single mechanical resonance by either of the mathematically equivalent lumped-element circuit diagrams below. The equivalent lumped mechanical parameters and transduction factor Γ are calculated at a specific point on the resonator [8] , [9] . The bottom diagram, though mathematically equivalent, consists of parameters that do not correspond to physically measurable quantities of the static system. Its transfer matrix representation is The negative sign in front of Γ 2 in Figure 5 arises from the phase inversion between the electrical currents entering the input and output electrodes for the (R,1) mode [10] . Further simplification of the bottom diagrams in Figure 4 and Figure 5 is obviously possible, but would greatly obfuscate the visualization of underlying system.
LUMPED PARAMETERS
We now proceed to calculate the equivalent lumped electrical parameters needed to characterize the idealized response of the dual mode filter depicted in Figure 5 . Combining (3) and (4) and making use of some identities yields ( ) Recalling (5) and (7) allows us to write
The motional inductance L m is calculated by equating expressions for the mechanical kinetic energy of the actual resonator and the electrical energy stored in a hypothetical inductor subject to the motional current generated therein [5] . Rearranging, we obtain ( ) The values of the equivalent lumped electrical parameters are tabulated below for an annulus with r i /r o = 29 µm/100 µm
Model parameter
Value f (R , 1) 22.8 MHz f (1, 1) 23
2.47 kΩ L m (1, 1) 33.7 mH C m (1,1) 1.43 fF R m (1,1) 4.86 kΩ C 0 1.27 pF The double integrals in (23) are evaluated numerically to arrive at these values. The response of the circuit in Figure 5 is plotted below using the parameter values in Table 3 . The parameters S 11 and S 21 are equal in magnitude to S 22 and S 12 , respectively.
C. NUMERICAL SIMULATIONS
The actual coupled field equations governing the response of layered, bounded, anisotropic, piezoelectric media rarely lend themselves to exact analytical solution. Moreover, lumpedparameter models that recast the system into a more tractable form are not apt for investigating the presence of spurious modes, or the effects of tether and transduction electrode design. Consequently, a numerical analysis based on a commercially available finite element analysis package (ANSYS) is used to validate the design and performance of the filter under investigation.
The finite element code calculates the magnitude and phase of the charge flux generated in response to a voltage stimulus, from which the scattering parameters, S ij , of the device are calculated. An example of the terminated filter response of a dual contour mode annular resonator is shown below Simulations confirm the viability of dual mode filters for frequencies of up to 115 MHz, which corresponds to a 6 µm inner by 22 µm outer radius annulus. The limiting factors to fabricating higher frequency filters are lithographical tolerances and the increasing perturbation of the mode shapes due to the finite dimensioned tethers.
III. FABRICATION PROCESS
The devices under investigation are fabricated using a previously published four-mask, low-temperature process [11] . The device essentially consists of a thin film piezoelectric AlN structural layer sandwiched between a Pt bottom and a bisected Al top electrode. The AlN films are sputter-deposited using an AMS single module PVD tool. The resulting films are highly crystalline with FWHM rocking curve values below 2°.
The process begins by LPCVD deposition of a low-stress nitride (LSN) isolation layer to reduce parasitic losses through the Si substrate. Next, the Pt bottom electrode is sputter deposited and patterned by liftoff followed by PVD AlN deposition. The Al top electrode is now deposited and patterned by a dry Cl 2 etch. The next mask is for opening via access to the bottom electrode using hot (160 °C) H 3 PO 4 . The AlN layer is then masked with LTO and patterned using another dry Cl 2 -based etch. Finally, a pit is isotropically etched beneath each completed structure using XeF 2 to release them from the underlying wafer. A cross-sectional schematic of the fabrication process is shown in the figure below The process can be altered by replacing the Al top electrode deposition and etch with a second Pt lift off step on top of the AlN structural layer as discussed in [12] .
IV. EXPERIMETNTAL RESULTS
The fabricated MEMS filters are tested in a Janis RF probe station with micro -manipulated ground-signal-ground (GSG) probes from Picoprobe. All testing is performed in air at atmospheric pressure and ambient temperature. The scattering parameters, S ij , of the devices are extracted directly using an Agilent E5071B vector network analyzer with 0 dBm of signal power following a two-port short-open-load-thru (SOLT) calibration on a ceramic reference substrate. The reported termination values are simulated by the network analyzer and are the same for both ports.
Annuli of six different inner to outer radius ratios spanning the crossing point of the curves in Figure 2 were fabricated and tested. The nominal dimensions of the devices are tabulated below The annulus is supported along its periphery by two diametrically opposed tethers. Each tether is 6 µm wide and roughly one-quarter wavelength ( r i -r o )/2 long. The experimentally determined optimal inner to outer radius ratio is 27:100. The experimentally measured transmission response of such an annular filter is plotted below for 50 Ω (dashed line) and 2.5 kΩ (solid trace) of resistive termination The filter exhibits a 22.4 MHz center frequency, -4.8 dB of insertion loss I.L., and 0.5% and 1.62% fractional bandwidth at -3 dB and -20 dB from the peak, respectively. The dual-mode filter exhibits greater fractional bandwidth than filters synthesized from electrically cascaded L -networks whose bandwidth is set by fundamental material properties unless external tuning elements are employed [12] .
The plots in Figure 10 show the observed out of band performance of a 27 µm inner and 100 µm outer radius filter with 2.5 kΩ of termination. Notice the filter has at least 20 dB of rejection from 10 MHz to 200 MHz. The (2,1), (3, 1) , and (4,1) contour modes and some harmonics of flexural modes all have frequencies in this range, but their electrical response is effectively suppressed by the electrode configuration.
The final experimental results show the response of dual mode filters for the inner to outer radius ratios in Table 4 other than 27:100. 
V. CONCLUSIONS
We have developed both the theoretical framework and experimental verification of the operation of a novel piezoelectric MEMS annular dual contour mode bandpass filter. A filter with -4.8 dB of insertion loss, a 22.4 MHz center frequency, and 0.5% fractional bandwidth at -3 dB was demonstrated, while frequencies as high as 115 MHz are shown to be feasible by multiphysics FEM simulations.
The two primary design considerations affecting the passband of the device are the inner to outer ratio of the annulus and the configuration of the transduction electrodes. The optimal aspect ratio is 27:100. A bisected top electrode with one-fold symmetry that exclusively matches that of the desired modes minimally excites and effectively cancels the electrical response of nearby spurious modes. The use of contour mode resonators permits the co-fabrication of filters at arbitrary frequencies on a single chip.
Ongoing research is focusing on demonstrating filters at higher frequencies, and investigating methods to improve their insertion loss and near-band rejection. Methods for realizing an attenuation zero before the passband to improve the filter shape factor are also under investigation.
